AbstrAct
Enamel formation produces the most highly mineralized tissue in the human body. The growth of enamel crystallites is assisted by enamel proteins and proteinases. As enamel formation progresses from secretory to maturation stages, the composition of the matrix with its mineral and nonmineral components dynamically changes in an inverse fashion. We hypothesized that appropriately calibrated micro-computed tomography (μCT) technology is suitable to estimate the mineral content (weight and/or density) and volume comparable in accuracy with that for directly weighed and sectioned enamel. Different sets of mouse mandibular incisors of C57BL/6 mice were used for dissections and μCT reconstructions. Calibration phantoms corresponding to the range of enamel mineral densities were used. Secretory-stage enamel contained little mineral and was consequently too poor in contrast for enamel volumes to be accurately estimated by μCT. Maturation-stage enamel, however, showed remarkable correspondence for total mineral content per volume where comparisons were possible between and among the different analytical techniques used. The main advantages of the μCT approach are that it is non-destructive, time-efficient, and can monitor changes in mineral content of the most mature enamel, which is too physically hard to dissect away from the tooth. concentration of mineral. Although mature enamel consists almost solely of hydroxyapatite, it does contain minute amounts of non-mineral components in the form of residual organic material and water (enamel fluid) within residual microspaces. This composition provides the unique durability and resistance to mature enamel needed to resist occlusal forces during mastication. Both the volume and the quantity of mineral present in enamel are controlled by columnar ameloblasts of epithelial origin. The prerequisites for mineralization events are the deposition of both enamel proteins and proteinases (Caterina et al., 2002; Fukumoto et al., 2004; Hu et al., 2008; Simmer et al., 2009; Smith et al., 2011) . During the secretory stage, the enamel layer gains simultaneously in volume and in mineral content through the apposition, cleavage, and removal of enamel proteins, and the elongation of crystallites . The volume and shape of the enamel layer are controlled by ameloblasts that outline a confined space against the mineralized dentin. The initial precipitation and later volumetric growth of hydroxyapatite crystallites during the maturation stage are monitored by ameloblasts through pathways of ion metabolism (Smith, 1998; Lacruz et al., 2013) . The removal of organic material and the accumulation of mineral across the plasma membrane of ameloblasts are coupled (Smith and Nanci, 1996) , and culminate in fully mature enamel .
Direct measurements of mineral content and enamel volume are complicated, since enamel is bonded to the dentin to form a bilayered biomineral across the crown of the tooth. Invasive and non-invasive means have been devised to determine these parameters. A validated model for forming enamel and ameloblast stages is the rodent incisor in combination with microdissection of enamel, since it displays all developmental stages as it erupts continuously (Robinson et al., 1971 (Robinson et al., , 1977 . In this approach, enamel is lifted from dentin in 1-mm-wide strips from secretory through maturation stages . Weight changes measured before and after heating to a specific temperature (ashing) provide information on the mineral and non-mineral content related to normal and pathological conditions during the course of amelogenesis (Smith et al., 2009 ). This technique is destructive, extremely time-consuming, and lacks reproducible inter-examiner demands on hand-skills. Estimating Enamel Mineral Changes Micro-computed x-ray tomography (μCT) is a non-destructive method that exploits differences in x-ray intensity before and after passing through an object (Zou et al., 2011) . Differences in x-ray attenuation represent an object's density, but thickness can affect these assessments as well (Fajardo et al., 2009) . During assessment of mineral density, the attenuation differences of an object are converted to generate an image, and each pixel is assigned a grayscale value corresponding to the linear attenuation coefficient (LAC). From the LAC, the density of an object at any location can be calculated (Fajardo et al., 2002) . In the past, the enamel had to be thinly sectioned for a 2-dimensional (2D) image to be obtained, but current desktop μCT systems can reconstruct intact objects in 3 dimensions with microscopic pixel sizes. The validity of density measurements relies on calibration with high-density hydroxyapatite (HA) standards (= phantoms) (Schweizer et al., 2007) . It is technically challenging to fabricate phantoms of densities comparable with those of enamel because, at these high densities, the material is predominantly mineral, and specialized equipment is required to bond the crystals at high heat and/or high pressure. In the past, investigators were forced to assume that enamel mineral is equivalent to stoichiometric HA or to derive enamel density from chemical formulations (Angmar et al., 1963; Robinson et al., 1971; Elliott et al., 1998) . Until recently, the ashing method, which is considered the gold standard, and μCT have not been compared for enamel. The hypothesis of this study was that the volume, mineral weight, and mineral density of forming enamel can be analyzed by calibrated polychromatic μCT technology and that results from μCT correspond well to direct measurements done by ashing of enamel strips and backscattered electron microscopy.
MAtErIAls & MEtHODs

Protocol Approval
Protocols for the use and handling of animals were approved by the IACUC of the University of Texas Health Science Center at San Antonio and the University of Michigan. This study complied with ARRIVE guidelines for pre-clinical studies.
Animals
In total, 23 wild-type mice (C57BL/6 background) at 7 wks old were used. They were fed hard chow (7012 Teklad L-M485, Harlan Laboratories, Indianapolis, IN, USA) and maintained on a standard 12-hour light/dark cycle. Animals for μCT scanning were intracardially perfused with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) with 0.2% glutaraldehyde, pH 7.4, and the hemi-mandibles were removed and stored at 4°C in PBS containing 0.2% PFA, pH 7.4. Hemi-mandibles from different animals were used for sections (n = 3), ash weight (n = 12), and μCT (n = 8) experiments (Appendix Fig. 1 ).
Microdissection, Ashing, sectioning, and calculation of Enamel Mineral Density
Data on enamel mineral weights per mm and the ashing technique used to obtain them have been reported previously (Smith et al., 2009) . To estimate enamel volumes per mm, we embedded hemi-mandibles from 3 wild-type mice in epoxy resin and cut them into eight 1-mm-long segments, starting near the apical loop. Enamel segments (ES) containing the incisor crosssections were polished with up to 1,200-grit carbide paper and finished with a diamond suspension having a particle size of 1 μm (South Bay Technology, San Clemente, CA, USA). Images of the incisor cross-sections were obtained in backscattered mode with a Hitachi S-3000 N scanning electron microscope (15 kV, 20 Pa) (BSE). The area of the enamel was outlined (CellSens, Olympus, Center Valley, PA, USA), and the enamel volumes were calculated between 2 cross-sections in 1-mm intervals (= integrated volume). We calculated mineral density per mm by dividing ashed mineral weight by the volume estimated from the BSE measurements for the same location.
µct scanning, Object reconstruction, contouring of Enamel, and calibration Hemi-mandibles with attached soft tissues were scanned in 70% ethanol in a desktop SkyScan 1172 (Bruker SkyScan, Aartselaar, Belgium) system. Each specimen was positioned with the incisal edge pointing superiorly, and the tube was sealed with Parafilm (American National Can, Greenwich, CT, USA). Samples were scanned at 60 kV, 167 μA beam intensity, 5-μm image pixel size, a 0.35° rotation step, 7 frame averaging, and a 1,090-millisecond exposure time at each step. A 0.5-mm aluminum filter was used during scans (Kovács et al., 2009) . A polynomial correction was also used to reduce beam-hardening effects during reconstructions (Kovács et al., 2009; Zou et al., 2011) . These 2 protocols reduced the beam-hardening artifact (Appendix Figs. 2, 3) . The images were reconstructed with NRecon (Bruker SkyScan, Aartselaar, Belgium) with a Feldkamp cone-beam algorithm (Feldkamp et al., 1984) .
Successive 1-mm-long volumes of interest were created, starting at 75% of the distance between the opening of the apical foramen and the distal boundary of the last mandibular molar at the level of the cement-enamel junction (Fig. 1B) . In each volume of interest (VOI), the enamel boundary was manually outlined, with non-enamel objects excluded. Volumes of interest correspond to ES. Enamel volumes were determined from the manually drawn volumes of interest. Intra-operator error and inter-operator differences in volumes of interest were determined for the early, mid-, and late maturation stages (Appendix Table 1 ). HA phantoms (0.25 and 0.75 g/cm 3 (SkyScan), and 2.927 g/cm 3 (Himed, Bethpage, NY, USA) were used to calibrate mineral density analyses (Appendix Table 2 ; Appendix Fig. 4 ).
Volumetric Percent of Mineral and non-mineral components
Parameters that were directly measured from mice included the (1) gross weight of enamel mineral per mm (by ashing), (2) enamel volume per mm (by BSE), and (3) mineral density and estimated enamel volume per mm (by μCT). Several derived values were also calculated, as explained in the footnotes to the Table. statistical Analyses Means and standard deviations were calculated in Excel and GraphPad InStat (La Jolla, CA, USA). Unpaired t tests and analyses of variance (ANOVAs) were used to compare volume and mineral density measurements. Paired t tests were used to assess inter-operator differences. The intra-operator error was expressed by the coefficient of variation. Alpha was set to 0.05.
rEsults
Enamel Volume
Incisor enamel volume increased across the secretory stage (ES1-2), as seen in BSE images (Fig. 1) . Sectioned and μCTimaged enamel volumes showed overall agreement; the μCTbased enamel volumes were 4 to 12% lower than the sectioned volume estimates (Fig. 2) . Volume peaked in the mid-maturation stage (ES4) for sectioned and μCT-based analyses (Table) . Across the maturation stage, enamel volume shrank steadily, losing about 5% to 8% of total volume in the most mature enamel (ES8).
Enamel Mineral Weight, % Mineral, and % non-mineral components
Mineral weight measured from enamel strips ranged between 2.27 ± 1.45 μg (ES1) and 133.54 ± 20.95 μg (ES5). The enamel could not be dissected from the underlying dentin after ES5; the enamel was too hard to remove. The mineral content by volume increased from 20.69% (ES1) to 61.77% (ES5), with the greatest accumulation occurring after the secretory stage when the ameloblasts transitioned into maturation stage. The percentage of non-mineral components by volume correspondingly decreased from 79.31% in ES1 to 38.23% in ES5. μCT-determined volumes corresponded with ashing-derived volumes across the maturation stage (ES3 onward). The calculated mineral weight increased from 44.48 ± 11.19 μg (ES3) to 192.12 ± 16.35 μg in mature enamel near the gingival margin (ES8). This represented increases in the % mineral by volume from 26.40% to 95.06%.
Enamel Mineral Density
Filtration and post-processing protocols effectively reduced the influence of a beam-hardening cupping artifact (Appendix Figs.  2, 3 ). Enamel mineral density increased in a sigmoidal pattern from the secretory (ES1+2) (Ash/BSE) to the late-maturation stage (ES4-8) (Fig. 3) . Enamel mineral density peaked at 2.97 ± 0.05 mg HA/mm 3 near the gingival margin (ES8) (μCT/μCT) (Appendix Table 3 ). Enamel mineral densities in ES 3-5 were statistically similar between ash/BSE and μCT/μCT, but μCT estimates of enamel mineral density were slightly higher. Enamel mineral density discrepancies fell to 2%, 5%, and almost 1% for these same segments when ash/μCT and μCT/μCT enamel mineral densities were compared. This latter comparison highlights the similarity in the mineral content calculation between the ash and the μCT methods.
Inter-and intra-operator variability was minimal (Appendix Table 3 ). Also, the effect of a VOI radial pixel peel to minimize partial volume boundary effects showed small but significant differences among peel settings (Appendix Fig. 5 ). 
DIscussIOn
Enamel microdissection was first developed to measure the bulk mineral content in mature enamel (Weidmann et al., 1967) and was later modified to sample developing enamel from rodent incisors (Robinson et al., 1977; . While this technique is the gold standard, it is inherently destructive, is timeconsuming (Appendix Table 4 ), and requires advanced technical skills to process small and frail enamel strips. μCT mineral estimates correspond very well with the ashing technique.
Comparisons of results (ash/BSE -μCT/μCT and ash/μCT -μCT/ μCT) obtained by 3 different approaches (ash, BSE, μCT) support this argument (Fig. 3) . Ash/BSE and μCT/μCT results are statistically similar but showed actual percentage differences of 15%, 12%, and 11% for ES 3-5. These differences in mineral density are the result of volumetric differences between BSE and μCT, since they were reduced to 2%, 5%, and approximately 1% when mineral content estimates from ashing and μCT were divided by μCT-based volumes. Moreover, this similarity suggests that the significant differences observed between μCT/BSE and μCT/μCT densities in segments 7 and 8 originate from volume measurement discrepancies rather than differences in mineral weight. μCT-based mineral density values showed a sigmoidal pattern through incisor development. The values ranged between 0.7 mg HA/mm 3 and 2.97 mg HA/mm 3 . This range could be measured because we used phantoms with a broad range of densities (Schweizer et al., 2007) . It is important to note that the 2.97 mg/mm 3 reached in the late maturation stage was lower than previously reported enamel densities based on assumptions about the similarity between enamel and hydroxyapatite (3.15 g/cm 3 ; Angmar et al., 1963) or estimates based on the chemical composition of hydroxyapatite with bound water (2.99 g/cm 3 ; Elliott et al., 1998) . This peak value, however, is higher than reports on human (Clementino-Luedemann and Kunzelmann, 2006) and rat enamel (Wong et al., 2000) , based on aluminum wire reference material. Recently, murine enamel incisor mineral density encased in a methylmethacrylate block was reported to be 2.7 g/cm 3 , based on calibrations with hydroxyapatite phantoms ranging from 0 to 1.2 g/cm 3 (Bronckers et al., 2013) . Given this context, the values reported here sit firmly within the range of reported mature enamel densities.
Enamel maturation is a slow process. To reach the final mineral content, ameloblasts devote 65% of their time to the maturation stage. The % mineral in enamel by volume has been reported to range from 86.2% (vol) (Angmar et al., 1963) to 92.9% (vol) (Elliott et al., 1998) . These values are greatly influenced by the model used for enamel composition and mineral density (Angmar et al., 1963; Elliott et al., 1998) . By combining volumetric measurements from ground enamel sections and calibrated μCT, we bypassed the need for modeling the enamel mineral, arriving at 95.06% mineral by volume in mature enamel.
The influence of beam-hardening on μCT-based measurements of mineral density is well-known (Burghardt et al., 2008; Nazarian et al., 2008; Fajardo et al., 2009; Kovács et al., 2009; Zou et al., 2011; Hamba et al., 2012) . Filtration aims to eliminate low-energy photons emitted by the polychromatic source that contribute to the beam-hardening artifact (Zou et al., 2011) . Similar to Kovács et al. (2009) , a 0.5-aluminum filter was used to reduce beam-hardening effects in teeth. The aluminum filter combined with the polynomial correction reduced beam hardening in test images (Appendix Figs. 3, 4) and reduced noise (Meganck et al., 2009) . Others have recommended the use of copper or aluminum-copper filters for the analysis of teeth and bones (Meganck et al., 2009; Hamba et al., 2012) ; however, Table 3 .
these filters increased scan time over four-fold while providing minimal improvement over aluminum in terms of beam-hardening reduction.
Manual contouring of VOIs for μCT analysis is subject to inter-and intra-operator error. VOI precision is critical in these analyses. Values for enamel mineral density were highly repeatable within and between operators. Enamel volume measurements were more sensitive to user error. The greatest variation was found during the early maturation stage due to low quantity and low mineralization of enamel, resulting in poor boundary contrast in μCT images. These results suggest that μCT protocols for contouring tissue interfaces should be performed by a single operator. Future work may require a second set of scan parameters for better imaging of the secretory stage.
μCT offers many advantages over conventional methodologies for estimating enamel density. The time to scan and analyze one sample was approximately 4 hr, a ten-fold reduction in labor time compared with that necessary for microdissection and ashing (Appendix Table 4 ). μCT can perform volumetric analyses as opposed to 2D estimates of 3D volumes. It is a nondestructive modality, and the same samples can be used for multiple assays. Finally, erupted enamel is the endpoint of enamel formation and is critical to mastication. μCT is capable of analyzing this highly mineralized enamel, which is not feasible with microdissection. However, μCT is limited in its ability to analyze secretory-stage enamel due to the similarity in densities between enamel and dentin. Furthermore, the protocol described here requires that animals be euthanized, which restricts longitudinal studies.
The murine incisor offers an opportunity for the study of genetic mutations in enamel formation that are modeling human amelogenesis imperfecta (Wright et al., 2009) . Manual methods such as ashing and the imaging of sectioned samples have been the gold standard for mineral analyses of this tissue. μCT offers a suitable alternative that can accurately quantify mineral content and density while providing many time, cost, and specimen advantages (potentially multiple use). It is concluded that properly calibrated μCT images are as accurate as labor-intensive methods for estimating mineral content and density.
